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Spatial and Temporal Dynamics of Soil-Surface Carbon Dioxide
Emissions in Bioenergy Corn Rotations and Reconstructed Prairies
Abstract
The interest in bioenergy crops has raised questions as to the potential of management strategies to preserve
soil C pools and soil quality. Since soil-surface CO2 effluxes are a major fate of soil C, knowledge of CO2
efflux’s spatial and temporal trends among bioenergy crops will facilitate advances in research on improving
terrestrial C-cycle models as well as decision support tools for policy and land-management. Our objective
was to evaluate spatial and temporal dynamics of soil-surface CO2 effluxes in bioenergy-based corn (Zea mays
L.) and reconstructed prairie systems. Systems evaluated included continuous corn (harvested for grain and
50% of the corn stover) with and without a cover crop, mixed prairies (harvested for aboveground biomass)
with and without N fertilization, and corn–soybean [Glycine max (L.) Merr.] rotations harvested for grain.
Soil-surface CO2 effluxes, soil temperature, and soil water contents were monitored weekly from July 2008 to
September 2011 and hourly during portions of 2010 and 2011. Annual soil-surface CO2 effluxes were greater
in prairies than row crops and are attributed to greater plant root respiration. Soil-surface CO2 effluxes
spatially varied among intra-crop management zones only for continuous corn with stover removal. However,
the cover crop reduced CO2 efflux spatial variability 70% of the time as compared to stover removal without a
cover crop. Spatial variability of effluxes was not explained by soil physical properties or conditions.
Temperature-induced diurnal fluctuations of CO2 effluxes were not evident during apparent soil–water
redistribution. Further research on the mechanisms behind this process is needed followed by incorporation
of mechanisms into CO2efflux models.
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Spatial and Temporal Dynamics of Soil-Surface 
Carbon Dioxide Emissions in Bioenergy Corn 
Rotations and Reconstructed Prairies
Soil & Water Management & Conservation
Soil-surface CO2 efflux is a major fate of C from the soil system (Duiker and Lal, 2000). The depletion or replenishment of soil organic C is largely af-fected by residue and nutrient management and whether monoculture or 
diversified cropping systems are grown (Guzman and Al-Kaisi, 2014; Veenstra 
and Burras, 2012; Lal, 2004; Duiker and Lal, 2000). Interest in bioenergy and al-
ternative cropping systems has raised concern for their potential to impact soil C 
(Daigh, 2011; Blanco-Canqui, 2010). To gain insights on biomass harvesting ef-
Aaron L. Daigh*
Dep. of Soil Science 
North Dakota State Univ. 
147 Walster Hall 
Fargo, ND 58108 
Thomas J. Sauer
USDA-ARS 
National Lab. for Agriculture and  
     the Environment 
Ames, IA 50011
Xinhua Xiao
Soil Science Dep. 
North Carolina State Univ. 
3411C Williams Hall 
Raleigh, NC 27695
Robert Horton
Dep. of Agronomy  
Iowa State Univ.  
2543 Agronomy Hall  
Ames, IA 50011
The interest in bioenergy crops has raised questions as to the potential of 
management strategies to preserve soil C pools and soil quality. Since soil-
surface CO2 effluxes are a major fate of soil C, knowledge of CO2 efflux’s 
spatial and temporal trends among bioenergy crops will facilitate advances in 
research on improving terrestrial C-cycle models as well as decision support 
tools for policy and land-management. Our objective was to evaluate spatial 
and temporal dynamics of soil-surface CO2 effluxes in bioenergy-based corn 
(Zea mays L.) and reconstructed prairie systems. Systems evaluated included 
continuous corn (harvested for grain and 50% of the corn stover) with and 
without a cover crop, mixed prairies (harvested for aboveground biomass) 
with and without N fertilization, and corn–soybean [Glycine max (L.) Merr.] 
rotations harvested for grain. Soil-surface CO2 effluxes, soil temperature, 
and soil water contents were monitored weekly from July 2008 to September 
2011 and hourly during portions of 2010 and 2011. Annual soil-surface CO2 
effluxes were greater in prairies than row crops and are attributed to great-
er plant root respiration. Soil-surface CO2 effluxes spatially varied among 
intra-crop management zones only for continuous corn with stover removal. 
However, the cover crop reduced CO2 efflux spatial variability 70% of the 
time as compared to stover removal without a cover crop. Spatial variabil-
ity of effluxes was not explained by soil physical properties or conditions. 
Temperature-induced diurnal fluctuations of CO2 effluxes were not evident 
during apparent soil–water redistribution. Further research on the mecha-
nisms behind this process is needed followed by incorporation of mechanisms 
into CO2 efflux models.
Abbreviations: ANCOVA, analysis of covariance; Btwr, interplant row absent of side-dress 
N injection and tire traffic; CC, continuous corn; CCW, continuous corn with a winter 
cereal rye cover crop; COBS, Iowa State University’s Comparison of Biofuel Cropping 
Systems; C-s, corn phase; c-S, soybean phase; Fertr, interplant row with side-dress N 
injected; IRGA, infrared gas analyzer; Pr, reconstructed mixed prairie; PrF, fertilized 
reconstructed mixed prairie; Rowr, identifiable intra-crop management zones of plant row; 
RPM-ANOVA, repeated measure analysis of variance; Trafr, interplant row with tractor tire 
traffic; UAN, urea-ammonium-nitrate.
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fects on soil C and soil biophysical processes, an understanding 
of spatial and temporal variability of soil-surface CO2 effluxes is 
needed. This knowledge will aid advances in research for improv-
ing precise modeling of terrestrial C cycles and balances, model 
upscaling and downscaling, and the development of decision 
support tools for policy and land-management.
Aboveground biomass and plant residues are well known to 
impact soil temperatures and water contents. Soil-surface CO2 
effluxes have been correlated to soil temperature and moisture 
as well as substrate type (Yu et al., 2011; Vargas et al., 2010; 
Riveros-Iregui et al., 2007; Schjonning et al., 1999; Kirschbaum, 
1995; Frankenberger and Dick, 1983). However, soil proper-
ties related to soil gas diffusivity are also expected to impact 
soil-surface CO2 effluxes (Pumpanen et al., 2003; Moldrup et 
al., 2000). Such soil properties are expected to be impacted by 
residue management and, therefore, the harvesting of biomass as 
well (Mulumba and Lal, 2008). For example, Kaspar and Parkin 
(2011) reported wheel traffic to consistently reduce soil-surface 
CO2 effluxes. However, soils with large quantities of residue are 
expected to be less prone to compaction than for bare or par-
tially covered soils (Mulumba and Lal, 2008). Though numerous 
soil processes contribute to the alteration of soil-surface CO2 ef-
fluxes in compacted soils, the change in soil total porosity and 
the pore-size distribution is likely the primary contributors (Or 
and Ghezzehei, 2002; Horn et al., 2000; Ahuja et al., 2000). 
Another example is given by Horton et al. (1996) who reported 
substantially greater and more widely varying temperatures in 
soils without residue coverage due to residue effects on surface 
energy partitioning. Soils lacking surface residues had greater 
soil water evaporative fluxes due to both the increased heat input 
and the absence of an additional resistance layer (Horton et al., 
1996). Tillage has been reported to significantly increase soil-
surface CO2 effluxes in the days immediately after tillage as well 
as when emissions were accumulated across the growing season 
(Omonode et al., 2007; Reicosky and Lindstrom, 1993). In these 
studies, the short-term soil-surface CO2 effluxes immediately 
following tillage were greater when soil was tilled deeper and left 
larger soil clods and appeared to be more strongly related to these 
attributes than the level of crop residue incorporation (Reicosky 
and Lindstrom, 1993).
Although soil is heterogeneous, management induced spa-
tial variability from field operations can be identified within row 
crop systems, such as plant rows, interplant rows, wheel trafficked 
zones, and N application bands (Logsdon et al., 2010; Doran et 
al., 1990; Zhai et al., 1990). These intra-crop management zones 
can have differing impacts on soil physical processes and micro-
bial activity affecting the aerial-averaged soil-surface CO2 emis-
sion (Kaspar and Parkin, 2011; Parkin, 1993).
Apart from residue management, the crop type and nutri-
ent management practices impact soil physical properties and 
conditions and microbial substrate availability (Toosi et al., 2012; 
Watt et al., 2006; Horn and Smucker, 2005; Horton et al., 1996). 
Benjamin et al. (2007) reported that pore size distributions were 
affected significantly by cropping system type, particularly for pe-
rennial vegetation, and time since the cropping systems initiation. 
This was likely due to differences in plant rooting effects on soil 
pore size distributions and pore continuity (Elkins, 1985). These 
properties and conditions can either directly or indirectly affect 
soil-surface CO2 effluxes, affecting the balance between soil C in-
puts and outputs. Although Wilson and Al-Kaisi (2008) reported 
that N applications decreased soil-surface CO2 effluxes for corn 
rotations in Iowa, Guzman and Al-Kaisi (2014) reported that N 
application can result in greater potential C inputs to the soil.
Kreba et al. (2013) reported that soil-surface CO2 effluxes in 
a mowed tall fescue and clover system was correlated farther across 
space and time than effluxes in a winter wheat (Triticum aestivum 
L.) cropping system. Kreba et al. (2013) also reported that soil tem-
perature controlled temporal variability of soil-surface CO2 efflux-
es in both the annual and perennial systems but did not control the 
spatial variability. If spatial and temporal variability of soil-surface 
CO2 effluxes differ among these types of systems (i.e., wheat and 
tall fescue), then it would be reasonable to expect even greater dif-
ferences among corn rotations and perennial systems intended for 
supplying feedstock to the bioenergy industry. Therefore, quanti-
fying and identifying the sources of spatial and temporal variabil-
ity in biofuel-based row crops and perennial cropping systems is 
needed to better understand biophysical processes, improve our 
ability to model and predict soil C sequestration, and produce best 
management practice guidelines.
Therefore, the objective of this research is to evaluate dy-
namic soil-surface CO2 effluxes, both spatially and temporally, of 
bioenergy-based corn rotations and reconstructed prairie crop-
ping systems. We hypothesize that the removal of plant residues 
in row crops will increase spatial and temporal variability of soil-
surface CO2 effluxes and lead to greater cumulative soil-surface 
CO2 losses. However, we hypothesize that prairie systems used 
for biomass production will have greater soil-surface CO2 efflux-
es than row crops, but the spatial and temporal variability will 
be less compared to row crops. We expect that differences in soil 
physical properties and physical conditions within a cropping 
system will correlate with soil-surface CO2 effluxes. However, we 
expect that general trends among intra-crop management zones 
in row crop systems will be similar among annual crops with and 
without residue removal.
MATERIALS AND METHODS
Site Description
Research was conducted at the Iowa State University’s 
Comparison of Biofuel Cropping Systems (COBS) research site 
(41.920575° N; −93.749957° W; 287 m above sea level), near 
Ames, IA. In 2008, 24 (61 m long by 27 m wide) plots contain-
ing six, no-till, grain and biomass cropping systems were estab-
lished. The site is nearly flat (<1% slope) with Webster (fine-
loamy, mixed, superactive, mesic Typic Endoaquoll) and Nicollet 
(Fine-loamy, mixed, superactive, mesic Aquic Hapludoll) soils 
(USDA-NRCS, 2012). Dominant soil textures in the top 30-cm 
depth are clay loam and sandy clay loam. The COBS site has a 
history of grain-based corn–soybean rotations and subsurface 
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drainage. The 30-yr mean annual air temperature and precipita-
tion for Ames, IA are 8.9°C and 935 mm, respectively, with 15 
and 3.1°C as the mean annual maximum and minimum air tem-
peratures (NOAA, 2012).
Treatments, Management, and Experimental Design
Cropping systems treatments are corn–soybean, soybean–
corn, continuous corn (CC), continuous corn with a winter 
cereal rye (Secale cereale L.) cover crop (CCW), reconstructed 
mixed prairie (Pr), and fertilized reconstructed mixed prairie 
(PrF). From here on, the corn phase for both the corn–soybean 
and soybean–corn rotations will be referred to as C-s, whereas 
the soybean phase for both the corn–soybean and soybean–corn 
rotations will be referred to as c-S. Both C-s and c-S were har-
vested annually for grain only. Thus, C-s and c-S similarly rep-
resent the traditional Midwest row crop systems in the United 
States. In contrast, CC and CCW were harvested annually for 
grain plus approximately 50% of dry-weight-based stover. The 
aboveground biomass of Pr and PrF were harvested annually af-
ter a killing frost. The CC, CCW, Pr, and PrF treatments repre-
sent potential cellulosic bioenergy-feedstock based cropping sys-
tems. All cropping system treatments were replicated four times 
in a randomized complete block design.
In all row crop rotations, the years with corn grown re-
ceived a split application of spring N. The first application was 
applied at a rate of 88 kg N ha−1 as 32% liquid urea-ammonium-
nitrate (UAN) injected to a depth of 7.6 cm in each inter-plant 
row at the time of planting. The second application was side-
dressed applied as 32% UAN injected to a depth of 7.6 cm in 
every other inter-plant row. Side-dress application of UAN was 
on June 24th, 17th, 17th, and 29th in 2008, 2009, 2010, and 
2011, respectively. The second application rate was based on 
the late-spring-soil- NO3− test (Blackmer et al., 1997). Before 
grain harvest, the total mass of dry-weight based corn stover was 
determined during hand harvest of corn plants in 3 m by one 
row sections in four quadrants of each plot. After grain harvest, 
corn stover in the CC and CCW treatments was chopped and 
raked for drying, baled, weighed, and determined for moisture 
content. Using the estimated total dry-weight-based stover 
biomass before and after stover harvest, an average of 48% of 
the dry-weight-based corn stover was successfully harvested in 
the CC and CCW treatments across all years. Winter rye was 
planted annually in the CCW treatment after grain and stover 
harvest. The winter rye was allowed to grow in early spring, and 
within 1 wk before planting of corn, was killed via glyphosate 
(i.e., 1.1–1.5 kg a.i. ha−1) application and allowed to remain on 
the soil surface as a residue. The PrF received 84 kg N ha−1 annu-
ally as UAN broadcasted in mid-March.
During the corn phases of all four row crop rotations, iden-
tifiable intra-crop management zones of plant row (Rowr), in-
terplant row with side-dress N injected (Fertr), interplant row 
with tractor tire traffic (Trafr), and interplant row absent of 
side-dress N injection and tire traffic (Btwr) were identified. 
Similarly, during the soybean phase of the corn–soybean and 
soybean–corn rotations, the intra-crop management 
zones Rowr and Btwr were identified.
Soil and Gas Sampling
Soil-surface CO2 efflux measurements were taken on 64 
dates between June 2008 and September 2011 at weekly inter-
vals between planting and harvest for all six cropping systems 
and their intra-crop management zones. The weekly soil-surface 
CO2 efflux measurements were made between 800 and 1200 h 
in 2008 to 2009 and between 800 and 1030 h in 2010 to 2011. 
Weekly measurements were made with Licor 8100-103 series 
infrared gas analyzer (IRGA; Licor Bioscience, Lincoln, NE) 
systems with opaque tops during 1.5 min sampling duration on 
20 cm diameter by 12 cm height PVC collars installed to a 9-cm 
depth. From planting to side-dress N application, Rowr and Btwr 
intra-crop management zones were sampled weekly. From side-
dress N application to harvest, all intra-crop management zones 
were measured weekly. Collars were installed annually before the 
first sampling date for each intra-crop management zones. Once 
installed, a 2 to 5 d waiting period was allowed before sampling. 
In addition to the weekly measurements, hourly soil-surface 
CO2 efflux was periodically measured for up to four consecu-
tive weeks in 2010 and 2011 in select plots and intra-crop man-
agement zones. Hourly measurements were made with a Licor 
8100-104 series IRGA system and a LI-8150 series multiplexer 
with an eight chamber capacity for the same sampling duration 
and collars used for the weekly measurements.
Such chamber-based measurements of soil-surface CO2 
effluxes are known to produce potential artifacts, biases, and 
theoretical underestimations (Venterea, 2010; Pumpanen et al., 
2003; Davidson et al., 2002). However, these artifacts, biases, 
and theoretical underestimations are likely minimal in the cur-
rent study. Venterea (2010) examined data published by Venterea 
et al. (2010) who used the same chamber geometry and flux cal-
culations scheme as well as similar soil physical properties (i.e., 
soil bulk density and percent clay) as used in the current study. 
However, chamber deployment time in Venterea et al. (2010) 
was 46 times greater than that used in the current study. Venterea 
(2010) reported that the chambers attributes and soil physical 
properties in Venterea et al. (2010) resulted in a 9 to 19% theo-
retical underestimation of soil-surface CO2 effluxes from satura-
tion to 0.10 cm3 cm−3 soil water contents, respectively. However, 
of these theoretical underestimations, 2 to 9% were due to the 
1 h sampling duration. In the current study, a 1.5 min sampling 
duration was used, which reduces theoretical underestimation to 
2% to near zero across the 0.50 to 0.10 cm3 cm−3 soil water con-
tent range. Since soil water contents in the current study did not 
differ more than 0.07 cm3 cm−3 in any given sampling date, the 
relative differences in soil-surface CO2 effluxes are likely mini-
mal allowing for precise evaluation of cropping systems and their 
intra-crop management zone effects on soil-surface CO2 efflux-
es. Davidson et al. (2002) and Pumpanen et al. (2003) also noted 
artifacts and biases associated with sampling duration, pressure 
gradients, and steady flow vs. nonsteady flow through monitor-
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ing systems. The Licor 8100 CO2 system used in this study al-
lows sampling durations to be minimal, is a steady flow through 
system, and uses an air vent to minimize pressure gradients dur-
ing both calm and windy field conditions allowing such sources 
of artifacts and biases to be minimized in the current study (Xu 
et al., 2006).
Soil volumetric water content (qv) and soil temperature 
(Tsoil) were measured within 20 cm of the PVC collars during 
all weekly and hourly soil-surface CO2 efflux measurements. 
Soil volumetric water contents were taken with a Theta Probe 
model ML2 and HH2 meter to a 6 cm depth. Soil temperature 
was measured with a thermocouple and thermistor for weekly 
and hourly measurements, respectively, to a 2.5-cm depth. 
Additionally, near-continuous qv and Tsoil at a 5-cm depth were 
taken throughout the year at 120- and 30-min intervals for the 
harvest-to-planting and planting-to-harvest time periods, re-
spectively, with Decagon 5TE ECH2O sensors and Em50 data 
loggers. The ECH2O sensors were installed in the Fertr and Btwr 
intra-crop management zones for all row crops planted to corn 
and for the c-S phase, respectively. Using the weekly soil-surface 
CO2 efflux and Tsoil measurements, Q10 values were determined 
using the van’t Hoff equation
s
2CO  efflux Teba=  [1]
 10
10Q eb ⋅=  [2]
where a and b are fitted parameters (Lloyd and Taylor, 1994; 
van’t Hoff, 1898).
Intact soil cores (7.6 cm diameter by 7.6 cm height) were 
sampled by hand using a slide hammer soil core sampler, Al rings 
and a beveled sampling head to hold the aluminum rings. Intact 
soil cores were sampled at the 2.4- to 10-cm soil depth for all 
cropping systems and intra-crop management zones treatments 
in 2009, 2010, and 2011 near the time of corn harvest. Duplicate 
intact soil cores were taken randomly in both Pr and PrF systems. 
Soil bulk density (Db) was determined for samples in all years by 
drying at 105°C for at least 48 h to determine bulk density on an 
oven-dry basis. Before drying, samples from 2010 were analyzed 
for the Campbell-b pore size distribution parameter (Cb), gas 
diffusion coefficient (Da), and air permeability (Ka).
Water desorption was performed at 10-, 25-, 50-, 100-, 200-
, 330-, and 500-cm H2O pressure potentials, ym, using pressure 
cells. The Campbell-b pore-size distribution parameter was then 
calculated from the water desorption curve using
[ ] [ ]v mLog *Logb cq y= +  [3]
where ym is the pressure applied in cm H2O, b is the Campbell-b 
pore-size distribution parameter, and c is the fitted linear inter-
cept (Campbell, 1974). A subset of intact soil cores were ana-
lyzed for Da and Ka at 100-cm H2O pressure potentials. From 
here on, these will be referred to as Da100 and Ka100. The Da 
measurements were made using the Currie unsteady gas diffu-
sion method (Rolston, 1986; Currie, 1960) and the Carslaw and 
Jaeger (1959) solution
( )
( ) ( )
2s t
a
2 2
o a
2DC C he
C C L h h
a
e
a
- 
 
 
-
=
- + +
 [4]
where C is the chamber gas concentration at time (t), Co is the 
chamber gas concentration at t = 0, Ca is the ambient gas concen-
tration outside of the chamber, e is the air-filled porosity (m3 m−3), 
L is the length of the soil core (0.076 m), h is e divided by the cham-
ber volume per area (0.237 m), and a = 0.895(hL) 0.4599/L (m−1). 
The Ka measurements were made using the steady state gasom-
eter method by Grover (1955) and Janse and Bolt (1960) where 
a constant air pressure was applied by a float, gas flow rates were 
recorded, and Ka was determined using
a a s
v    
K P Aq
L
D
h
= -  [5]
where qv is the volumetric gas flow rate (m3 s−1), DPa is the pres-
sure difference across the soil sample (1.8 cm H2O), As is the 
cross-sectional area (0.0045 m2), and h is the gas viscosity (1.84 
´ 10−5 N s m−2 at 25°C).
Percent soil surface residue covers (Rd) were determined in 
mid-June of 2010 and 2011. A 20-cm diameter wire mesh of 670 
wire intersections was placed on the surface inside the PVC col-
lars used for measuring soil-surface CO2 effluxes, and residue was 
then identified as either being present or not present directly un-
der each wire intersection. The wire mess was then removed from 
the PVC collars. Percent residue cover was then calculated based 
on the proportion of wire intersections having residue present vs. 
the absence of residue present multiplied by 100.
A second set of undisturbed soil cores (10.5-cm diameter) 
to a 10-cm depth were taken by hand with a golf-hole cutter in 
all cropping systems and intra-crop management zone treat-
ments near harvest in 2009, 2010, and 2011. The soil cores were 
analyzed for soil aggregate mean weight diameter (MWD) using 
a slightly modified procedure of that described in Nimmo and 
Perkins (2002) and Kemper and Chepil (1965). Soil MWD was 
determined using
1
MWD  
n
i i
i
d w
w=
 =  
 
∑  [6]
where di is the mean diameter for aggregate population i, wi is 
the weight for aggregate population i, and w is the total weight 
of soil aggregates. Field-moist soil was gently sieved through an 
8-mm sieve then air dried at 23°C for <72 h. A 100-g subsample, 
determined on an oven-dry basis, was then rewetted by slowly 
spraying water until the soil appeared to glisten. The moistened 
soil was then shaken at 90 rpm for 5 min in a wet-sieving appa-
ratus similar to that described in Yoder (1936). The wet-sieving 
apparatus held a nest of 4, 2, 0.5, 0.25, and 0.0053-mm sieves, 
which was lowered and raised 3 cm for each rpm. Soil from each 
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sieve was then oven dried at 75°C for 3 d and then weighed. 
The reported soil mass per sieve was determined on an oven-dry 
weight basis. Percent macroaggregates (Agm) was determined as 
the ratio of soil remaining on the ³0.25-mm sieve and the total 
soil sample mass times 100. Sand grains can contribute to the 
resistance of fluid transport in soils similar to that of low pore-
diameter and high tortuous intra-aggregate regions (Horn et al., 
1994). Therefore, when regarding fluid transport in soils, sand 
grains and micro-aggregates are reported together.
Statistical Analyses
To test for differences among intra-crop management zones, 
weekly measured soil-surface CO2 efflux were analyzed using a 
repeated measure analysis of variance (RPM-ANOVA) for each 
crop independently with a generalized linear model. To test for 
differences among cropping systems, weekly measured soil-sur-
face CO2 effluxes were aerially weighted across intra-crop man-
agement zones for the row crops and then analyzed among all 
six cropping systems using a RPM-ANOVA with a generalized 
linear model. To test for differences among cropping systems, 
intra-crop management zones, and date, soil qv and Tsoil were 
analyzed using a RPM-ANOVA with a generalized linear model. 
The Mauchly’s test of sphericity was used for all RPM-ANOVA 
analyses, and the Greenhouse-Geisser correction for degrees of 
freedom of the F-distribution was used for interpreting date and 
date interactions. To test for differences among cropping systems 
and intra-crop management zones, soil Q10s were analyzed us-
ing an ANOVA with a generalized linear model. All statistical 
analyses were performed in SAS (version 9.2, SAS Institute, 
Cary, NC) and means were separated by Tukey’s method at the 
0.05 level.
Linear and nonlinear regression analyses were performed 
on weekly measured soil-surface CO2 effluxes to qv and Tsoil, 
respectively, whereas analysis of covariance (ANCOVA) was 
performed to test differences among regression parameters of 
growing-season cumulative soil-surface CO2 effluxes to soil Db, 
Cb, Da100, Ka100, Rd, MWD, and Agm. Growing-season cumula-
tive soil-surface CO2 effluxes were calculated for each intra-crop 
management zone by crop using
( ) ( )12 1
 
Cumulative CO  efflux   
2
n
i i
i i
i
X X
t t+ +
+
= -∑  [7]
where Xi and Xi + 1 are the weekly measured soil-surface CO2 
effluxes at times ti and ti + 1, respectively. Means were separated 
at the 0.05 level.
Though soil-surface CO2 effluxes are well known to fluc-
tuate along with daily temperature fluctuations, some environ-
mental conditions can create temporal variability that results in 
less obvious diurnal trends in soil-surface CO2 effluxes. Spectral 
analysis decomposes frequency-based variability of data repeated 
in space or time to detect the presence of cyclic patterns and 
the frequency of such patterns (Wendroth et al., 2012). To as-
sess temporal patterns of soil-surface CO2 effluxes, qv and Tsoil, 
during such conditions, spectral analysis was performed on mea-
surements during 674 consecutive hours from 15 July through 
11 Aug. 2011. Spectrum of soil-surface CO2 effluxes was deter-
mined using
( ) ( ) ( )
0
ƒ 2 cos 2 ƒ dS r h h h
¥
p= ∫  [8]
where S is the spectrum, ƒ is the frequency, h is the time lag in hours, 
and r(h) is the temporal autocorrelation function (Wendroth et 
al., 2012). Autocorrelation function is determined using
( ) ( ) ( )
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i i
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A x A x h
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+  =
+      
 [9]
where cov and var are the covariance and variance, respectively, 
Ai is the soil property of interest at a 1 h interval, x is the point 
in time of Ai, and h is the time lag in hours (Wendroth et al., 
2012). When necessary, data was transformed using first order 
differencing to gain stationary trends over time as required for 
spectral analysis (Wendroth et al., 2012). For visualization, spec-
tral density plots will be presented using the period instead of 
the frequency. Spectral analysis was focused on the C-s and CC 
cropping systems and their intra-crop management zones.
RESULTS AND DISCUSSION
Soil-Surface Carbon Dioxide Effluxes
Weekly sampled soil-surface CO2 effluxes ranged from 
0.06 to 16.9 mmol CO2 m−2 s−1 with 3.09, 2.76, and 58 as the 
mean, median, and percent coefficient of variation, respectively. 
Growing season, cumulative soil-surface CO2 effluxes ranged 
from 2.6 to 7.8 Mg CO2–C ha
−1 with 4.6, 4.5, and 21 as the 
mean, median, and percent coefficient of variation, respective-
ly. These data are consistent with those commonly reported in 
the literature (Guzman and Al-Kaisi, 2014; Kreba et al., 2013; 
Kaspar and Parkin, 2011; Vargas et al., 2010; Pumpanen et al., 
2003). Significant intra-crop management zone main effect or 
the interaction by date were observed for weekly sampled soil-
surface CO2 efflux in the CC and CCW but not for C-s and c-S 
cropping systems when analyzed across all years (Table 1 and 2). 
These effects were also apparent in the hourly sampled soil-sur-
face CO2 efflux data (Fig. 1). Soil-surface CO2 efflux in the CC 
crop significantly differed among the intra-crop management 
zones on 44 of the 64 sampling dates (i.e., 69%; Fig. 2). In con-
trast, soil-surface CO2 efflux in the CCW significantly differed 
among intra-crop management zones on 13 of the 64 sampling 
dates (i.e., 20%), with all of the dates occurring in 2009 (Fig. 2). 
These effects were also observed when soil-surface CO2 effluxes 
were accumulated over the growing season (Table 2). In 2009, 
monthly average air temperatures were low for June and July and 
precipitation was low from March through early October (Fig. 
3). These time periods during 2009 are when differences among 
intra-crop management zone soil-surface CO2 effluxes were ob-
served (Fig. 2). This may have decreased the effects of soil tem-
perature on soil-surface CO2 effluxes and allow the effects of soil 
water content to be more readily observed.
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As expected, when differences in soil-surface CO2 efflux oc-
curred, the Rowr and Fertr zones were often greatest and Trafr 
the least. These data are consistent with results for Trafr reported 
by Kaspar and Parkin (2011). Plant root growth is expected to 
differ among the intra-crop management zones and likely con-
tribute to these trends in soil-surface CO2 effluxes (Allmaras 
and Nelson, 1971). Occasionally, soil-surface CO2 efflux in the 
Rowr zone was significantly lower than Fertr and Btwr but simi-
lar to Trafr (Fig. 2). For example, on 8 July 2009 in the CCW, 
light precipitation, totaling 0.8 cm, occurred between 0100 and 
0400 h. The precipitation along with the physiological charac-
teristics of the corn plant leaves that guide water inwards to the 
plant stem creating stem flow are likely responsible for observed 
greater or equal volumetric soil water content in the Rowr zone 
than that of the other intra-crop management zones. This is simi-
lar to that reported by Logsdon et al. (2010) and, consequently, 
would have decreased the soil-surface CO2 efflux (Pumpanen 
et al., 2003; Davidson et al., 1998; Skopp et al., 1990; Doran et 
al., 1988; Linn and Doran, 1984). This effect is also observed 
in the hourly sampled soil-surface CO2 effluxes (Fig. 1). An ef-
fect of N fertilization on soil-surface CO2 effluxes was observed 
in early- to mid-July when the Fertr zone was greatest on con-
secutive dates following application of side-dress N as compared 
to all other intra-crop management zones (Fig. 2). Soil-surface 
CO2 effluxes were on average 4.75 and 2.95 mmol CO2 m−2 s−1 
Table 1. Repeated measures analysis of variance summary of 
weekly surveyed soil-surface CO2 effluxes among intra-crop man-
agement zones in the row crop systems, separately, and of the 
intra-crop management zone weighted soil-surface CO2 effluxes 
among all row crops and prairie systems across all 64 dates.
Crop Source p-value
C-s† Mng‡ 0.10
date  <0.01
date ´ Mng 0.20
c-S Mng 0.24
date 0.04
date ´ Mng 0.27
CC Mng  <0.0001
date  <0.0001
date ´ Mng  <0.001
CCW Mng  <0.0001
date  <0.0001
date ´ Mng 0.01
Mng-zone weighted Crop§  <0.0001
date  <0.0001
date ´ Crop  <0.0001
†  C-s = corn of corn–soybean rotations; c-S = soybean of corn–
soybean rotations; CC = continuous corn; CCW = continuous corn 
with winter cover crop rotation.
‡ Mng = intra-crop management zone.
§ Crop = The C-s, c-S, CC, CCW, prairie, and fertilized prairie systems.
Table 2. Analysis of variance summary for growing-season, 
cumulative soil-surface CO2 effluxes from July 2008 through 
October 2011. Effluxes are reported for each cropping system 
weighted across intra-crop management zones and for each 
cropping systems intra-crop management zones.
Weighted Crop† 2008 2009 2010 2011 Cumulative
———————- Mg CO2–C ha
−1——————-
Pr 3.2 a‡ 6.3 a 5.6 a 5.6 a 20.7 a
PrF 2.8 ab 4.5 b 4.3 b 5.3 a 16.8 b
CCW 1.9 b 4.9 b 4.3 b 4.8 ab 16.0 bc
C-s 2.1 b 4.6 b 4.5 b 4.7 ab 15.9 bc
CC 2.1 b 4.9 b 3.8 b 3.9 b 14.7 cd
c-S 1.9 b 4.6 b 3.8 b 3.5 b 13.8 c
Crop–Mng Zone§ 2008 2009 2010 2011 Cumulative
——————- Mg CO2–C ha
−1——————-
C-s Rowr 2.6 5.7 4.0 c 4.0 16.4
Btwr 2.1 4.5 5.4 a 5.5 17.6
Fertr – 4.9 4.9 ab 5.2 17.2
Trafr – 4.0 4.6 bc 4.7 15.4
c-S Rowr 1.8 5.1 3.6 3.5 14.0
Btwr 2.3 4.5 4.4 3.7 14.9
CC Rowr 2.5 a 6.0 a 4.5 a 3.7 ab 16.7 a
Btwr 2.0 b 4.7 b 3.8 ab 3.4 b 13.9 b
Fertr – 5.2 ab 4.2 a 5.4 a 16.7 a
Trafr – 3.1 c 3.3 b 3.4 b 11.8 b
CCW Rowr 2.3 5.4 ab 4.6 5.0 17.2 a
Btwr 1.9 4.7 b 4.4 4.9 15.8 b
Fertr – 5.8 a 4.9 4.9 18.3 a
Trafr – 3.8 c 4.3 4.5 14.5 b
† C-s = corn of corn–soybean rotation; c-S = soybean of soybean–corn 
rotation; CC = continuous corn; CCW = continuous corn with winter 
cover crop rotation; Pr = prairie; PrF = prairie fertilized.
‡ Differing letters indicate significant differences at the 0.05 level.
§  Mng = Intra-crop management zones, Btwr = between plant row, Fertr = 
between plant row with side-dress N application, Trafr = between plant 
row with wheel traffic, and Rowr = in plant row.
Fig. 1. Hourly and cumulative soil-surface CO2 efflux for intra-crop 
management zones in corn rotations and continuous corn with soil 
temperatures and daily rainfall over 24 d in 2011. Management zones 
include plant row (Rowr), inter-plant row (Btwr), inter-plant row 
fertilized (Fertr), and inter-plant row wheel trafficked (Trafr).
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greater (i.e., 209 and 178% greater) in the Fertr 
zone for CC and CCW, respectively, during 
these dates immediately following side-dress 
N application. These soil-surface CO2 effluxes 
immediately following side-dress N applica-
tion were great enough to cause significant 
differences between Fertr and Btwr zones for 
CC and CCW when accumulated over grow-
ing seasons (Table 2). These results are similar, 
but more pronounced in the dates immedi-
ately following fertilization, to data reported 
by Sainju et al. (2010). Sainju et al. (2010) ob-
served a possible fertilizer effect on cumulative 
soil-surface CO2 efflux but with inconsistent 
seasonal trends. In contrast, Wilson and Al-
Kaisi (2008) who used a similar N fertilizer 
as that used in the current study and also on 
corn–soybean rotations and continuous corn 
in central Iowa, reported that N fertilization 
significantly decreased soil-surface CO2 ef-
fluxes. Thus, N fertilization effects on soil-
surface CO2 effluxes in corn systems are gener-
ally inconclusive and should continue to be a 
topic of future research. The variance among 
soil-surface CO2 effluxes over space (i.e., intra-
crop management zones for the row crops and 
in-plot random duplicates for the prairie sys-
tems) and time ranged from 4.2 to 1.9 mmol 
CO2 m
−2 s−1, observed for CC and PrF, re-
spectively. The CC system had greater in-crop 
variability over time and space than any of the 
other systems, row crop or prairie, due to the 
harvesting of corn stover.
Given the significant effects of intra-crop management 
zones, weekly sampled soil-surface CO2 effluxes for each crop-
ping system were weighted across their intra-crop management 
zones based on each management zone’s aerial frequency of spa-
tial occurrence. In doing so, this eliminates the systematic spatial 
variability allowing for more precise evaluation 
of soil-surface CO2 efflux differences or simi-
larities among the selected cropping systems. 
Weighted soil-surface CO2 effluxes ranged 
from 6.5 to 76 kg CO2–C ha
−1 d−1 with 31, 
30, and 46 as mean, median, and percent co-
efficient of variation, respectively. Weighted 
soil-surface CO2 effluxes were significantly af-
fected by crop, date, and crop by date interac-
tion for all years (Table 1; Fig. 4). Weighted 
soil-surface CO2 effluxes significantly differed 
among cropping systems on 51 of the 64 sam-
pling dates (i.e., 80%). Among the two prairies, 
fertilization caused soil-surface CO2 effluxes 
to be significantly lower on 14 of the 64 sam-
pling dates (i.e., 23%) with most differences 
observed in July and August (Fig. 4). As will be noted in the 
following sections, this effect is associated with lower soil Tsoil 
when prairies received N fertilization and stimulated fuller plant 
canopies ( Jarchow and Liebman, 2013). Additionally, Jarchow 
and Liebman (2013) reported that the fertilized and unfertilized 
prairies at the same field sites were dominated by native C3 and 
Fig. 2. Soil-surface CO2 effluxes among intra-crop management zones in a continuous corn 
(Left Panels) and in a continuous corn with winter rye cover crop rotation (Right Panels). 
Intra-crop management zones are between plant row (Btwr), in plant row (Rowr), between 
plant row with side-dress N application (Fertr), and between plant row with wheel traffic 
(Trafr). Significant differences among two or more intra-crop management zones using Tukey 
at the 0.05 level is indicated by date using an asterisk.
Fig. 3. Measured and 30-yr average air temperatures and 30-yr cumulative monthly 
precipitation for 2009 through 2011. Measured values were taken at the Comparison of 
Biofuel Cropping Systems research site. Data for 2010 and 2011 are from Daigh et al. (2014).
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C4 plants, respectively. They also reported that fertilized 
prairies had greater diversity of plant species in August, 
whereas unfertilized prairies had greater diversity in June 
( Jarchow and Liebman, 2013). As expected, one or both 
prairies were significantly greater than one or more row 
crops on 42 of the 64 sampling dates (i.e., 66%). These 
differences were observed early and late in the growing 
season in May through June and in September, respec-
tively, due to their longer growing season and, thus, plant 
root activity (Fig. 4). Dietzel and Liebman (2012) re-
ported that root biomass in PrF and Pr were 3.6 and 9.0 
times greater, respectively, than values observed in C-s to 
a depth of 1 m at the COBS site. They also reported that 
plant root C/N ratios were 1.1 to 4.5 times greater in PrF 
and Pr, respectively, than values observed in C-s and was 
likely the primary driver for potential C sequestration 
(Dietzel and Liebman, 2012). The large differences in 
plant root biomass and C/N ratios reported by Dietzel 
and Liebman (2012) as well as enhanced soil water draw-
down in lower portions of the root zone for prairies as 
compared to row crops reported by Daigh et al. (2014) 
suggest that plant root respiration is likely the dominate 
source of soil-surface CO2 effluxes in the prairie systems.
Among row crops, weighted soil-surface CO2 ef-
fluxes for c-S were significantly lower than one or all corn 
crops on 15 of the 64 sampling dates (i.e., 25%) with most 
differences observed in June through early July (Fig. 4). 
In contrast, CCW was significantly greater than the oth-
er two corn systems on only 4 of the 64 sampling dates 
(i.e., 6%) with differences observed within the 
first several sampling dates annually. Similar 
to the prairies, the greater effluxes in CCW 
are attributed to plant root activity of the win-
ter rye cover crop. Otherwise, weighted soil-
surface CO2 effluxes were statistically similar 
among corn systems though C-s was often 
numerically greater in late June through early 
July (Fig. 4). Among row crops, C-s, CC, and 
CCW peaked in soil-surface CO2 effluxes at 
nearly the same date within individual years 
(Fig. 4). However, soil-surface CO2 effluxes 
in c-S peaked at a later date in all years, ex-
cept 2010, as compared to the corn systems 
(Fig. 4). This could be due to differences in 
physiological maturity or to differences in soil 
gas transport. Daigh et al. (2014) observed 
significantly greater saturated hydraulic con-
ductivities near the soil surface but no differ-
ences in soil pore-size distributions and bulk 
density in the c-S systems as compared to the 
corn systems in this study. A higher saturated 
hydraulic conductivity implies that soil gas 
diffusivity and air permeability would also be 
greater, allowing greater rates of gas transport. 
Fig. 4. Intra-crop management zone weighted soil-surface CO2 efflux from 2008 
through 2011 for corn (C-s), soybean (c-S), continuous corn (CC), continuous corn 
with winter cover crop (CCW), prairie (Pr), and fertilized prairie (PrF).
Table 3. Analysis of covariance for cumulative soil-surface CO2 efflux (CO2) among 
percent residue cover (Rd), soil bulk density (Db), percent macro-aggregates (Agm), 
soil aggregate mean weight diameter (MWD), soil water retention Campbell-b 
parameter (Cb), soil air permeability at 100 cm H2O tension (Ka100), and soil gas 
diffusion coefficient at 100 cm H2O tension (Da100).
Source Rd Db Agm MWD Cb† Ka100 Da100
—————————–p-values——————————
Year‡ 0.98 0.35 0.08 0.46 – – –
Crop‡ 0.59 0.67 0.24 0.95 0.29 0.89 0.86
Mng‡ 0.96 0.96 0.46 0.62 0.99 0.80 0.72
Crop ´ Mng‡ 0.98 0.67 0.17 0.58 0.31 0.91 0.95
Year ´ Crop‡ 0.36 0.98 0.08 0.75 – – –
Year ´ Mng‡ 0.41 0.17 0.43 0.96 – – –
Year ´ Crop ´ Mng‡ 0.22 0.48 0.18 0.79 – – –
Prop § 0.32 0.61 0.08 0.42 0.66 0.53 0.62
Year ´ Prop § 0.42 0.24 0.08 0.44 – – –
Crop ´ Prop § 0.78 0.52 0.18 0.90 0.46 0.88 0.89
Mng ´ Prop § 0.46 0.99 0.37 0.92 0.49 0.80 0.78
Crop ´ Mng ´ Prop § 0.92 0.69 0.14 0.63 0.45 0.90 0.96
Year ´ Crop ´ Prop § 0.92 0.97 0.08 0.75 – – –
Year ´ Mng ´ Prop § 0.22 0.22 0.40 0.97 – – –
Year ´ Crop ´ Mng ´ Prop § 0.15 0.45 0.15 0.80 – – –
†  Cb, Ka100, Da100 show soil property measured for 2010. The 2009 and 2011 values were 
assumed to be the same as those in 2010.
‡  Test of differences in intercepts due to cropping systems, intra-crop management zones, and 
their interaction.
§  Test of differences in slopes due to cropping systems, intra-crop management zones, and their 
interaction. Prop = soil property type (e.g. Rd, Db, etc.)
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Therefore, the delayed peak of annual soil-surface CO2 efflux in 
c-S as compared to the corn systems is not attributed to differ-
ences in soil gas transport properties but instead attributed to 
differences in physiological maturity.
Effects of Soil Physical Properties and Conditions
Maintaining plant residues on the soil surface are known to 
increase soil porosity, soil water retention, and soil aggregation, 
which can alter soil CO2 production and transport (Mulumba 
and Lal, 2008; Logsdon, 2003; Moldrup et al., 2000). To aid in 
determining potential causes for the intra-crop management zone 
effect on soil-surface CO2 effluxes among the row crop systems, 
regression analyses including Pearson’s correlations of soil physical 
properties and conditions to cumulative soil-surface CO2 effluxes 
were performed. Perennial systems are known to also alter soil pore 
characteristics (Udawatta et al., 2008) and, therefore, were also in-
cluded in the analysis. However, growing-season cumulative soil-
surface CO2 efflux for each cropping system and intra-crop man-
agement zones was not affected by Db, MWD, Agm, Cb, Ka100, 
and Da100 (Table 3). The lack of correlated empirical relationships 
with soil gas transport parameters and soil pore characteristics fur-
ther substantiates a need to move beyond empirical models and to 
improve process-based models for understanding and predicting 
soil respiration (Vargas et al., 2011).
As expected, nonlinear regression of soil-surface CO2 ef-
flux and Tsoil was significant (p-value < 0.0001) with a mean Q10 
value of 1.79. The Q10 values were analyzed using an ANOVA, 
indicating significant cropping system, intra-crop management 
zone, and year main effects but no interaction effects (Table 4). 
The Q10s were significantly greater for corn rotations than for 
c-S rotation and both prairies, which were similar (Table 4). Of 
the corn systems, CC was significantly greater than the C-s rota-
tion whereas CCW was similar to both CC and C-s rotation. 
The Q10s were significantly greater for Fertr and Trafr than for 
Rpwr and Btwr among the intra-crop management zones (Table 
4). Differences in Q10s among the intra-crop management zones 
across all row crop systems were unexpected due to the variabil-
ity of soil-surface CO2 effluxes among these zones in CC and 
CCW but not in C-s and c-S. This was unexpected because Tsoil 
did not differ among intra-crop management zones for all crops. 
The Q10s in 2009 were significantly greater than 2010 and 2011, 
which were similar (Table 4). Thus, this effect is attributed to the 
observed differences in soil-surface CO2 effluxes among intra-
crop management zones for CCW in 2009 and not in 2010 and 
2011 (Table 4; Fig. 2).
The weekly sampled Tsoil ranged from 9.3 to 35°C with 21, 
21, and 19 as mean, median, and percent coefficient of variation, 
respectively. Soil temperatures did not significantly differ among 
intra-crop management zones, which was also observed in the 
hourly sampled Tsoil (p-value = 0.45; Table 5). Thus, the differ-
ences in soil-surface CO2 efflux sensitivity to Tsoil among intra-
Table 4. Analysis of variance summary of van’t Hoff Q10 
parameter.
Variation source
van’t Hoff Q10
p-value
Block 0.51
Year  <0.0001
Crop  <0.01
Mng  <0.0001
Crop ´ Mng 0.89
Year ´ Mng 0.18
Year ´ Crop 0.56
Year ´ Crop ´ Mng 0.84
Year Q10 Means
2009 3.54 a†
2010 2.66 b
2011 2.67 b
MSD‡ 0.49
Crop§ Q10 Means
CC 3.38 a
CCW 2.77 ab
C-s 2.71 b
c-S 2.05 c
Pr 2.07 c
PrF 1.55 c
MSD 0.65
Mng¶ Q10 Means
Fertr 3.69 a
Trafr 3.26 a
Rowr 2.36 b
Btwr 2.30 b
MSD 0.63
† Differing letters indicate significant differences at the 0.05 level.
‡ Minimum significant difference.
§  C-s = corn of corn–soybean rotation; c-S = soybean of 
soybean–corn rotation; CC = continuous corn; CCW = 
continuous corn with winter cover crop rotation; Pr = prairie; 
PrF = prairie fertilized.
¶  Mng = Intra-crop management zones, Btwr = between plant row, 
Fertr = between plant row with side-dress N application, Trafr = 
between plant row with wheel traffic, Rowr = in plant row.
Table 5. Repeated measures analysis of variance summary 
for weekly surveyed soil temperature and water content 
across all 64 dates.
Source (Temperature) p-value
Crop  <0.0001
Mng† 0.45
Crop ´ Mng‡ 0.89
date  <0.0001
date ´ Crop  <0.0001
date ´ Mng 0.79
date ´ Crop ´ Mng 0.89
Source (Water Content)
Crop 0.64
Mng  <0.01
Crop ´ Mng 0.84
date  <0.0001
date ´ Crop 0.02
date ´ Mng 0.02
date ´ Crop ´ Mng 0.39
† Mng = intra-crop management zone.
‡ The symbol “´” indicates test of interaction.
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crop management zones previously noted above were not due to 
differences in Tsoil regimes (Kirschbaum, 1995; Yu et al., 2011). 
However, a significant crop, date, and crop by date interaction was 
observed (p-values < 0.0001; Table 5; Fig. 5). Among the two prai-
ries, fertilization resulted in significantly lower Tsoil on 30 of the 
47 sample dates (i.e., 64%) with no clear seasonality to these differ-
ences (Fig. 5). This is attributed to the higher quantity of vegetative 
biomass in the crop canopy intercepting solar radiation (Jarchow 
and Liebman, 2013; Jarchow et al., 2012; Morris, 1989). Among 
the continuous corn systems, CCW was significantly lower in Tsoil 
than CC on only 5 of the 47 sample dates (i.e., 11%) with most oc-
currences during May. Among C-s and c-S, significant differences 
were observed in Tsoil on 15 of the 47 sample dates (i.e., 32%). 
However, these differences in Tsoil among C-s and c-S were not 
consistent and showed no clear seasonality. Among the corn sys-
tems, C-s was significantly lower than either CC and/or CCW 
on 10 of the 47 sampling dates (i.e., 21%), whereas no differences 
were observed for the other dates.
As expected, weekly sampled soil-surface CO2 efflux was 
generally not well correlated to qv when observed across all crops 
or row crops, intra-crop management zones, sample dates, and 
years. The weekly sampled qv ranged from 0.07 to 0.46 m3 m−3 
with 0.27, 0.28, and 25 as mean, median, and percent coefficient 
of variation, respectively. In contrast to Tsoil, a significant intra-
crop management zone, date, and intra-crop management zone by 
date interaction effect was observed, but no significant cropping 
system effect was evident (p-values > 0.02 and 0.64, respectively; 
Table 5; Fig. 5). Volumetric soil wa-
ter contents were significantly greater 
in the Trafr zone than one or more 
of the other intra-crop management 
zones on 24 of the 51 sampling dates 
(i.e., 47%) and were almost always 
numerically greater than the other 
intra-crop management zones (Fig. 
5). Soil compaction and high soil wa-
ter potentials are known to decrease 
plant root proliferation, and the con-
ductivity of fluids in trafficked inter-
rows of row crop production (Wu 
et al., 1995; Allmaras and Nelson, 
1971). These effects on plant root 
growth are likely one cause for lower 
quantity of soil-surface CO2 effluxes 
observed in the Trafr intra-crop man-
agement zone in the current study 
(Fig. 1, 2, and 5). Volumetric soil 
water contents in the Rowr zone sig-
nificantly differed from zones Btwr 
and/or Fertr on 16 of the 51 sam-
pling dates (i.e., 31%) with half of 
the dates having greater values and 
half of the dates having lower values. 
These data demonstrate greater tem-
poral variability of soil moisture con-
ditions in zone Rowr, which has also been reported by Hinsinger 
et al. (2009), Doussan et al. (2006), and Logsdon (2003). The ap-
plication of N did not affect qv, which is similar to that reported 
by Guzman and Al-Kaisi (2014). In 2010, qv was at or above 0.30 
m3 m−3 for all cropping systems during 11 of the 15 sampling 
dates (i.e., 73%) whereas 2009 and 2010 were predominately less 
than 0.30 m3 m−3 throughout the growing seasons. Though no 
cropping system effect was observed for qv, apparent influences of 
moisture on cropping systems soil-surface CO2 efflux were evident 
when viewing the weekly sampled intra-crop management zone 
weighted soil-surface CO2 effluxes and daily rainfall. In 2010, 
heavy and frequent rains caused soil-surface CO2 effluxes to tem-
porarily decrease, making seasonal trends difficult to detect (Fig. 
4; Daigh et al., 2014). In contrast, 2011 received less than half the 
cumulative rainfall as 2010 with a comparatively low number of 
heavy and frequent rainfalls making clear seasonal trends evident.
Time Series Analysis
Evaluation of relatively small time scale soil-surface CO2 
effluxes below the weekly or annual time scale has historically 
been limited but now can easily be accomplished with auto-
mated sampling systems (Vargas et al., 2011). Thus, in this sec-
tion we aim to evaluate the spatial and temporal trends among 
soil-surface CO2 effluxes, Tsoil and qv at the hourly time scale 
for 674 continuous hours in the summer of 2011. As expected, 
hourly measured Tsoil display a clear and consistent temporal 
Fig. 5. Soil water content (Panel A) among intra-crop management zones of between plant row (Btwr), 
in plant row (Rowr), between plant row with side-dress N application (Fertr), and between plant row 
with wheel traffic (Trafr). Soil temperature (Panel B) among corn (C-s), soybean (c-S), continuous corn 
(CC), continuous corn with winter cover crop (CCW), prairie (Pr), and fertilized prairie (PrF). Significant 
differences among two or more intra-crop management zones or two or more cropping systems using 
Tukey’s at the 0.05 level is indicated by date using an asterisk.
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pattern as a 24 h cyclic trend (Fig. 6a). However, hourly mea-
sured soil-surface CO2 efflux patterns are not as clear or consis-
tent (Fig. 6a, 6b, and 6c). Spectral analyses reveal that when daily 
mean Tsoil and qv are stationary with time, soil-surface CO2 ef-
fluxes display a clear and consistent 24 h cyclic temporal pattern 
associated with the diurnal pattern of Tsoil (Fig. 6b and 6d). This 
effect is well known in the scientific literature (Riveros-Iregui et 
al., 2007; Parkin and Kaspar, 2003). However, spectral analyses 
revealed that when daily mean Tsoil is stationary and soil water is 
undergoing apparent redistribution, soil-surface CO2 effluxes do 
not have a clear 24 h cyclic pattern but instead is significantly and 
well correlated (p-values < 0.0001; Pearson’s correlation range of 
0.48–0.72) with qv (Fig. 6c and 6e). Using the additional hourly 
samples in 2010 and 2011, these effects were confirmed to exist 
throughout the growing season. This effect was clearly observed 
in the temporal autocorrelation lengths. During stationary daily 
mean qv, temporal autocorrelations decreased rapidly to near 
zero within 6 h for most sample sites. In contrast, temporal auto-
correlations during soil water redistribution gradually decreased 
but remained significant at lag times greater than 24 h.
Volumetric soil water content or water filled pore space val-
ues are used in many modeling efforts for estimating seasonal or 
Fig. 6. Example of hourly soil-surface CO2 efflux, soil temperature, soil water content, and spectral densities for data collected between 14 July 
and 13 Aug. 2011. Panel (a) is soil-surface CO2 efflux and soil temperature; Panels (b) and (c) are soil-surface CO2 efflux and soil water content 
under stationary conditions over time and apparent soil water redistribution, respectively; Panels (d) and (e) are spectral density for soil-surface 
CO2 efflux during stationary soil water conditions over time and apparent soil water redistribution, respectively [i.e., data from highlighted 
sections in Panels (b) and (c)]. In Panels (d) and (e), the spectral densities are for corn (C-s) and continuous corn with stover removal (CC) among 
intra-crop management zones [between plant row (Btwr); within plant row (Rowr); between plant row with wheel traffic (Trafr)].
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annual soil-surface CO2 efflux (Blagodatsky and Smith, 2012; 
Pumpanen et al., 2003). However, at most, these models consid-
ered the limitations of low soil water levels on substrate mobility 
and the limitations of high soil water levels on diffusive O2 sup-
plies to microorganisms and plant roots (Pumpanen et al., 2003; 
Davidson et al., 1998; Skopp et al., 1990; Doran et al., 1988; 
Linn and Doran, 1984). However, our data demonstrates an ef-
fect of apparent soil water redistribution on soil CO2 production 
and/or transport. We suggest that further research on the mecha-
nisms behind this process is needed and followed by incorporat-
ing the mechanisms into seasonal and annual soil-surface CO2 
estimation models.
CONCLUSIONS
In conclusion, soil-surface CO2 efflux varied spatially among 
intra-crop management zones for continuous corn with fall stover 
removal. However, the incorporation of a winter rye cover crop re-
duced how often this spatial variability was observed by 70%. In con-
trast, corn and soybean rotations without stover removal did not dis-
play significant variability among intra-crop management zones for 
all sample dates in 2008 through 2011. The CC system had greater 
in-crop variability over time and space than any of the other systems, 
row crop or prairie, due to the harvesting of corn stover. Soil-surface 
CO2 efflux was strongly correlated to Tsoil, yet the sensitivity to Tsoil 
(i.e., Q10s) did not help to explain the observed spatial variability. 
This was similar to that of most other soil physical properties and 
conditions, though many of these were not correlated to soil-surface 
CO2 efflux. Though N fertilization temporarily increased soil-sur-
face CO2 efflux in row crops, the effect of N fertilization in both 
row crops and prairie systems remained inconclusive when consider-
ing this study and other studies reported in the literature (Sainju et 
al., 2010; Wilson and Al-Kaisi, 2008). Additionally, an important 
finding of this study was the effect of soil water redistribution on di-
urnal soil-surface CO2 efflux. Our data indicated a need for further 
understanding of the mechanisms behind soil water redistribution 
effects on soil CO2 production and/or transport at the hourly scale 
followed by incorporating these mechanistic or empirical models 
into seasonal and annual soil-surface CO2 estimation models. In 
general, annual cumulative soil-surface CO2 effluxes were greater in 
prairies than that of row crops but are attributed to greater quantities 
of plant root respiration.
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